values and those derived by applying the method 5 where the analysis incorporated both the effects of solar radiation and thermal mass. The in-situ U-value for the Concrete Block wall, determined by the average method, was 32.8% higher than its design value, whilst the other wall systems showed marginally lower U-values than their corresponding design U-values.
Introduction
The building sector contributes to approximately 30% of global total energy consumption, of which nearly two-thirds can be attributed to the combined energy use of space heating, space cooling and water heating [1] . In response to this, a number of regulations have been introduced worldwide with the aim of reducing energy use in domestic and non-domestic buildings; these regulations include the Energy Performance Building Directive [2] , the Energy Efficiency Directive [3] in the European Union, and Part L of the Building Regulations [4] in the UK.
The aforementioned regulations use certain prediction methods to assess the building energy use during the design stage. Evidences suggest that there is a discrepancy between the predicted and actual energy use in the buildings [5] , the mismatch is broadly referred to as the 'energy performance gap' [6] . The 'energy performance gap' between the actual energy use and the calculated energy use of buildings is subject to scores of academic discussions [5] [6] [7] [8] [9] [10] [11] [12] [13] . Sometimes the amount of discrepancy is reported as 100% or more [5] , e.g., Erhorn [12] reported a performance gap of 300%.
The reasons for this 'energy performance gap' is widely attributed to poor prediction of actual energy use (design stage), poor quality of construction, poor service design, discrepancy between design specification and the specification of the construction asbuilt (construction stage) and user behaviour and 'Rebound Effect' (operational stage) [8, 9] . While, user behaviour remains the most reported key reason for energy performance gap [14] [15] [16] , Gorse et al. [13] observed that poor thermal performance of building fabric could also be an important contributor to unpredicted energy use.
In addition to operational energy, embodied energy of buildings also contributes to their total lifetime carbon emissions. About 6-20% energy use of a conventional building and about 74-100% of that of a nearly zero energy building is attributed to embodied energy [17] . By 2020 all new buildings in the EU countries are required to be nearly zero-energy buildings [2] . It implies that, by 2020, the role of embodied energy will be significant in terms of a building's total energy use. The embodied energy in a building can be reduced by using materials derived from renewable sources as they generally require less 'extraction', processing and transportation energy [18] . In general, locally produced bio-based building materials carry less embodied energy than the fossil fuel and mineral based building materials [19] .
Bio-based building materials, especially insulations and envelope-integrated insulation materials, are produced from renewable sourced and show excellent hygric and good to moderate thermal performance [20] [21] [22] . Takano et al. [23] , in their study on the energy performance of a hypothetical building model in Finland, observed that the life cycle energy balance of the cellulose fibre insulation was the lowest among all building materials including EPS (expanded polystyrene) and glass wool insulations. Latif et al.
[20] studied hygrothermal properties of composite fibrous insulations based on hemp and wood-hemp insulation which are highly sustainable [24] and carbo-negative materials. The insulations demonstrated excellent moisture management capacity and similar thermal conductivity to that of mineral wool insulation. Another important biobased composite material is hemp-lime which is comprised of hemp shiv, the woody core of hemp plant, and a lime based binder [25] . Hemp-lime can be used in walls, floors and roofs. It has 'Excellent' moisture buffer capacity [21] and moderate thermal properties [26] . Apart from plant sources, bio-based materials are also derived from animal sources. Sheep wool insulation is an animal-based renewable bio-insulation with self-extinguishing capacity [27] . Sheep wool insulation demonstrates high moisture buffering capacity and low thermal conductivity [27] . The following bio-based insulation materials also possess broadly similar hygrothermal characteristics as discussed above: straw, flax, wood fibre.
Recently, as part of the Hempsec Project [28] , a new wall system is developed to address the concern with both operational and embodied energy use [29] . The panel is called 'HempCell' and the core materials of the panel are hemp-lime and natural fibre such as wood fibre or hemp fibre. While hemp-lime exhibits excellent hygric and moderate thermal resistance properties [21] , both hemp and wood fibre exhibit excellent hygric capacity and good thermal resistance property [20, 30] . As a prefabricated and pre-dried system, HempCell is expected to exhibit optimal thermal performance from the very day of its installation as opposed to the unpredictable and poorer initial thermal performance associated with the in situ cast hemp-lime system.
To compare the thermal performance of the 'HempCell' wall system with the other conventional and emerging wall systems, comparative coheating tests were carried out among five test buildings built with the following walls systems: Concrete Block Masonry, HempCell, Polyisocyanurate (PIR), Wood Fibre and Mineral Wool. A coheating test applies a quasi-steady state method for determining the whole building energy performance [31] . It is typically carried out by elevating the internal temperature to 25°C for a period of 1-3 weeks [32] . The performance is measured in terms of energy use for unit temperature difference between the inside and outside of the building and referred to as heat loss coefficient (HLC). The method for conducting a coheating test is briefly discussed in section 3. In addition to the coheating tests, the wall systems were also compared in terms of the deviation of their in-situ U-value from the corresponding calculated U-values. Assessing the thermal performance of the envelope of an existing building by determining its in situ U-value is a well-established non-destructive method. Desogus et al. [33] compared the results of R value of a wall determined by in situ measurement method and by numerical method. The numerical method used known thermal conductivity of the component materials of the wall as the basis of calculation. They concluded that there was no significant difference between the results obtained as long as the internal and external temperature difference was more than 10K during the in situ test. In a similar line of study, Evangelisti et al. [34] observed that the calculated U-value of a wall could, however, vary from the in situ U-value of an envelope if the assumption of thermal conductivity of the component materials were inaccurate.
Test buildings, wall systems and instrumentation

The test buildings and instrumentation
Five test buildings, with five different wall systems, were constructed at the Building Research Park, Wroughton, UK, which hosts the HIVE experimental building facility [35] (Fig. 1) . The five wall systems are: Concrete Block Masonry; timber framed wall panels containing HempCell; PIR (polyisocyanurate); Wood Fibre; and Mineral Wool insulations. Typical plans and sections of the five test buildings are shown in Fig. 2 with the corresponding dimensions being presented in Table 1 . All the timber frame wall systems were designed to achieve the identical U-value of 0.15 W/m 2 K using BS EN ISO 6946:2007 [36] . The Concrete Block Masonry was also designed to achieve 
The wall systems and instrumentation
Some key details of the structure of the wall systems are provided in Table 2 . One of the key objectives of the coheating experiment was to compare the HempCell ( For temperature sensing, Betatherm thermistor [37] sensors with an accuracy of ± 0.2% were used. For relative humidity sensing, HIH400 sensors [38] with an accuracy of ± 3.5% were used. In the HempCell test building, one panel in each orientation was instrumented. For other test buildings, only wall panels facing North and South were instrumented with RHT sensors. In addition to these, two Hukseflux heat flux sensors [39] , with an accuracy of ± 5%, were installed on the inner surface of the North wall of each test building. By measuring the amount of electrical energy required to maintain the elevated mean internal temperature over the test period, the daily heat input (in Watts) to the dwelling was determined [32] . At its simplest form, the heat loss coefficient (W/K) for the test building was calculated by plotting the heat input against the difference in temperature between the interior and exterior of the dwelling (ΔT), given that ΔT is 10K or more.
For a better estimation of the HLC, different methods of data analysis are suggested by a number of researchers [7, 40] . The key methods employed in the present research are described in subsection 3.2.
Heat loss from infiltration was also determined and subtracted from the total heat loss calculation. This was necessary to compare the fabric-only heat loss performance of the five separate test buildings that exhibited varying degree of infiltration rates. The infiltration rates were determined by conducting blower door tests at 50 Pascal pressure difference; a detailed method of the test can be found in the users' manual of 'The Energy Conservatory' [41] . The infiltration rates of the test buildings in air change per hour (ACH) are shown in Table 3 . E=HLC.ΔT [1] Where:
E is the daily average heat Input (W), HLC is the envelope heat loss coefficient (W/K),
ΔT is the daily average temperature difference (K) between the interior and exterior.
In general, researchers [7, 32, 40, 42] incorporate infiltration heat loss into the daily average heat input as a necessary part of the HLC determination. On the contrary, there are also example of decoupling infiltration heat loss from fabric heat loss in the coheating tests [40, 43] . For the purposes of the fabric performance evaluation and comparison, including infiltration heat loss in the HLC is problematic as it will misrepresent the values of envelope heat loss coefficient. This is because different test buildings exhibited significantly varying degree of infiltration rates despite the target infiltration rate being 0.6 air change per hour (ACH) or less. Therefore, in the present paper, E is the infiltration corrected heat input. The equation for infiltration corrected heat input is:
Where:
ETotal is the total heating input of the heating equipment
Ev is infiltration heat loss
The infiltration heat loss was calculated using the following equation and factors as presented in the Passivhaus methodology [44] :
Infiltration Heat Loss Ev= Vv. nvres . c . ΔT [3] Where: 
Method 2
Method 2 is similar to Method 1 except that only night-time data are used for the HLC analysis to eliminate the effect of solar gain. However, for buildings with high thermal mass, it may be difficult to completely remove the effect of solar gain due to thermal lag.
Method 3
Method 3, also known as the Siviour Method [43] , is derived from the following equation:
E=HLC.ΔT-A.S [4] Where:
E, HLC and ΔT are as defined earlier, S is the daily average solar irradiance on a south facing vertical plane (W/m 2 ),
A is the effective solar aperture of the envelope in that plane (m 2 ).
By dividing both sides of Equation 4 by ΔT, the following equation is derived:
E/ ΔT = HLC -A*S/ ΔT [5] S/ ΔT is an independent variable and E/ ΔT is a dependent variable. Plotting E/ ΔT against S/ ΔT will provide the value for HLC as a constant and A as the slope.
Method 4
Multiple linear regression based on equation 4, by considering E as a dependent variable and both ΔT and S as independent variable provides value for HLC and A as coefficients of ΔT and S, respectively. Multiple regression analysis was done on the average daily data of ΔT, S and E.
Method 5
Method 5 is based on the following modification of Equation 1:
E=HLC.ΔTa.Effective [6] Where:
ΔTa.Effective attempts to incorporate both the effects of solar radiation and thermal mass in ΔT.
ΔTa.Effective was constructed in two stages. Firstly, the effective external temperature was determined by taking into account the effect of solar radiation gain and long wave radiation exchange. The following equation was used:
Ta.Effective = Ta +(A*S/(hce+hre)) -((es.Cb.Fsky.FT.sky (Ta-Tsky)(1-c))/ (hce+hre)) [7] Where:
Ta is measured external air temperature (°C), hce is external convective surface heat transfer coefficient, hre is radiative surface heat transfer coefficient, es is emissivity of the external wall surface, Where: R'T is the upper limit of total thermal resistance R"T is the lower limit of total thermal resistance.
R'T, is determined by the following equation:
1/ R'T = fa/ RTa + fb/ RTb +…+ fq/ RTq [10] Where:
RTa, RTb… RTq are the thermal resistances of each section, fa, fb… fq are the fractional areas of each section (Fig.10) .
Fig. 10.
Horizontal cross-section of a notional wall panel [45] .
The equivalent thermal resistance, Rj, for each thermally inhomogeneous layer is calculated using the following equation:
1/ Rj = fa/ Raj + fb/ Rbj +…+ fq/ Rqj [11] Where:
Raj, Rbj…….. Rqj are the thermal resistance of fractional areas fa, fb… fq of layer j.
The lower limit of the thermal resistance is determined by using the following equation:
R"T = Rsi + R1 + R2 + … +Rn + Rse [12] (c) Estimation of Error
The maximum relative error in thermal transmittance or U-value, n, calculated as a percentage, is:
Using the aforementioned method, the design U-value of five different wall types were determined. Table 4 shows the thermal conductivity and thermal resistance of the various layers of the wall types and Table 5 
In situ Method
In this paper, only one method is considered for determining the in-situ U-value from heat flux and temperature difference. A detailed analysis of the effect of dynamic conditions on the U-value will be reported in a follow-up study. ISO 9869 [46] outlines the method for in-situ measurement of U-value of the building elements. U-value is obtained by dividing the mean density of heat flow rate by the mean internal and external temperature difference. The required data are acquired over a long period of time, i.e. more than 72 hours' data for a heavy weight structure and at least three nights' data for a lightweight structure. The U-value is determined from the following equation:
U is thermal transmittance (W/m 2 K) q is density of heat flow rate (W/m 2 )
Ti is interior ambient temperature (°C)
Te is exterior ambient temperature (°C).
In this paper the term 'equivalent U-value' is used instead of 'U-value' in relation to the in situ measurements to account for the added effect of relative humidity, enthalpy flow and phase change on heat flux through the building envelope.
Result and discussion
Heat loss coefficients of the test buildings
The linear and multiple linear regression plots for Methods 1-5 are presented in Figs. 11-15. In Fig. 11 , the daily energy use corrected for infiltration heat loss is plotted against the daily averaged temperature difference between the interior and exterior. 
Summary of HLC (W/K)
Concrete Block Masonry: 10. 
Equivalent U-values of the test buildings
The result of the equivalent U-value, based on day-night and night time data, along with the design U-value, HLC values for Method 5 and the calculated HLC values are shown in Fig. 18 . During the U-value measurements, the minimum ambient temperature difference between the interior and exterior of the test buildings was 15 K, the average temperature difference during the whole day-night period was 21 K and during the night time was 21.8 K. The data were acquired for 18 days. Thus both temperature difference and monitoring period were favourable for reliable data acquisition as far as determining in situ U-value is concerned [33, 46] . The U-values of HempCell, PIR, Mineral Wool and Wood Fibre are marginally lower than their design U-values. While determining in situ U-value of timber frame walls incorporating biobased and mineral insulations, similar observations that in situ U-value could be slightly lower or equal to that of manufacturer's declared value were also made in a number of in situ studies [20, 45, 48] . However, the U-value of concrete Block Masonry is 32.8% higher than their design U-values. In two separate studies, Building Research Establishment (BRE) reported 29-34% [49] and 104% [50] higher U-value than the calculated U-value of insulated and partially insulated masonry cavity walls, respectively. The reasons for higher U-value of Concrete Block Wall may be attributed to its absorbed moisture content during the construction phase, thermal bridge through the mortar joints and possible convection current in the cavity wall. It can be further observed that the order of the HLC values, both for Method 5 and calculated one, follows that of the equivalent U-values. wall. The fact that the equivalent U-value of the HempCell system remained lower than its design U-value demonstrates that the pre-dried and prefabricated Hempcell panel can thermally perform to its optimal level from the very beginning of its installation as opposed to a hemp-lime wall cast onsite that takes more than 6 months to perform optimally.
